Efficient intracellular delivery of biomolecules is important for many different biological and 23 biotechnological applications in living organisms, and is a prerequisite for certain types of 24 fundamental and applied research. One major challenge is the delivery of unmodified, functional 25 cargoes in a simple, time-efficient, and high-throughput manner. Herein, we present an efficient 26 strategy that uses fusion peptides containing cell penetrating peptide, endosomal escape domain, and 27 a sarcosine linker to introduce biomolecules, namely fluorescent protein and dextran, via 28 macropinocytosis into the cells of various land plants and microalgae. Our peptide-mediated delivery 29 system allows for high-throughput delivery of functional biomolecules within a few minutes to a few 30 hours as well as open new possibilities for biology and biotechnology using difficult-to-transfect cell 31 types. 32 33 3
Introduction 34
The ability to introduce biomolecules, such as nucleic acids, proteins, sugars, and small molecules, To introduce biomolecules into cells, transfection methods using electroporation or polyethylene 42 glycol with protoplast preparation are generally used; however, these methods are cumbersome, 43 time-consuming, and often yield inconsistent results (Birch, 1997). Microinjection and particle-based 44 methods require expensive instruments and are inherently low-throughput (Newell, 2000) . In 45 contrast to these methods, cell-penetrating peptides (CPPs) are a molecule delivery tool that has the 46 intrinsic ability to translocate a diverse range of macromolecules across the plasma membrane in 47 their biologically active form, albeit more widely used for mammalian than plant cells thus far 48 cells by first stimulating its own uptake through the induction of macropinocytosis, a specialized 51 form of endocytosis, followed by endosomal escape (Wadia et al., 2004) . A significant enhancement 52 in cytoplasmic delivery using Tat was recently reported by Lönn and co-workers through the 53 incorporation of a polyethylene glycol linker and multiple types of synthetic endosomal escape 54 domain (EED) (Lonn et al., 2016) . 55
To develop an efficient strategy for biomolecules delivery into plant cells, we examined Tat-56 derived peptides comprising the functional region (amino acid residues 49−57, RRRQRRKKR) 57 (Vives et al., 1997) , and employed the retro-inverso (D-) enantiomer of Tat (dTat), which has been 58 for use with tobacco BY-2 cells. At higher peptide concentrations (900 µM to 9 mM) for longer 108 durations (24−48 h), both dTat-Sar-EED peptides demonstrated cytotoxicity to BY-2 cells. To 109 reduce such cytotoxic effects, we screened peptide concentrations between the ineffective dose (9 110 µM) and the minimal effective dose (90 µM) for Citrine internalization; however, decreased peptide 111 amounts were accompanied by a decline in Citrine uptake into cells. The ability of Citrine-112 internalized cells to proliferate and cell viability was monitored over a 10-day duration ( Figure S2C) . 113
Two representative dTat-Sar-EED4 concentrations were selected (both effective, 90 and 900 µM) 114 and untreated cells as well as cells treated with Citrine alone were included for comparison. While 115 the higher peptide concentration (900 µM) inhibited cell growth and resulted in a higher percentage 116 of dead cells (stained by Evans blue), it is noteworthy that the growth rate and viability of cells 117 treated with the optimal peptide concentration (90 µM) in the presence of Citrine were similar with 118 that of untreated and Citrine-only controls. 119
Dextran internalization into BY-2 cells 120
The delivery of another biomolecule, Texas Red-labeled 70 kDa dextran (TR-Dex70), was 121 subsequently examined under the same conditions ( Figure 1F and S3) . High levels of fluorescence 122 of internalized TR-Dex70 could be seen surrounding the peptide-treated cells, but fluorescence was 123 completely absent in cells exposed to TR-Dex70 without peptide, regardless of the duration of 124 incubation. Lower concentrations of dTat-Sar-EED4 (90-900 µM) enabled the intracellular uptake of 125 dextran with prolonged incubation of up to 24 h (Figure S3B) , while extending the incubation 126 duration up to 48 h did not improve TR-Dex70 internalization ( Figure S3C ). For comparison, dTat-127 Sar-EED5 was administered to the cells at the same concentration range (9 nM to 9 mM) in the 128 presence of TR-Dex70 ( Figure S3D ) and the results showed that 90 µM of dTat-Sar-EED5 and a 1-h 129 duration were sufficient for dextran delivery into BY-2 cells. 130
Importance of fusion design 131
We considered the possibility of the individual domains dTat, Sar-EED4, or Sar-EED5 having 132 similar capacities for dextran and Citrine delivery into cells as that of dTat-Sar-EED4 and dTat-Sar-133 EED5. Based on experiments using the individual domains, no distinguishable fluorescent signals 134 could be observed in the cells at relatively higher peptide concentration, 4.5 mM (Figure 1G) . Via a 135 time-lapse observation of cellular internalization, we found that Citrine was not internalized at all 136 using 90 µM dTat under identical experimental conditions (movie S3). This implies that 137 exogenously added biomolecules need to enter the cells, which is facilitated by the dTat domain, and 138 be adequately released into the cytosol, which is assisted by the EED. While it is expected that 139 neither of the EEDs possess cell-penetrating functions, the lack of fluorescence surrounding cells 140 treated with dTat suggests that although dTat is an integral competent in intracellular translocation, 141 its efficiency is not sufficient to transport the cargo molecules across the cell wall, plasma membrane, 142 and endosomes into the cytosol. 143
144

Internalization pathway 145
To confirm the dTat-Sar-EED peptide-induced pathways such as macropinocytosis for cellular 146 uptake of Citrine and TR-Dex70, we analyzed the internalization pathways via inhibitor assays 147 ( (Nakase et al., 2004) . Very slight inhibition was observed with chlorpromazine (CPZ) 154 (Wang et al., 1993) and filipin (Schnitzer et al., 1994) . Based on the fluorescence intensity, we 155 quantify the inhibition behaviors ( Figure 2C ). The findings were consistent for both dTat-Sar-EED 156 peptides; signifying negligible involvement of clathrin-or caveolae-mediated endocytosis. Energy-157 independent pathways do not contribute to cargo internalization as cells were unable to internalize 158 dextran at 4°C. 159
Internalization into intact land plants 160
To further explore the applicability of dTat-Sar-EED peptides, we used similar conditions to deliver 161 the fluorescent molecules into intact leaves of Arabidopsis thaliana, a model system for land plants. we observed internalization of Citrine. Given that protein delivery by dTat-Sar-EED4 could be used 177 in both the basal land plant M. polymorpha and the angiosperm Arabidopsis, the delivery system 178 may be applicable in a wide variety of land plants. 179
Applicability to microalgae 180
We then tested the functionality of the dTat-Sar-EED peptide-mediated delivery system on 181 unicellular eukaryotes, the microalgae Chlamydomonas reinhardtii and Euglena gracilis. TR-Dex70 182 was easily internalized with only 9 µM dTat-Sar-EED4 or dTat-Sar-EED5 by C. reinhardtii cells 183 within 3 h, whereas Citrine was only internalized with 900 µM of dTat-Sar-EED5 (Figure 5 and S5) . μl was added to each well. Cells were then treated with 9 nM to 9 mM of peptide in the presence of 241 100 μg/ml of TR-Dex70 or Citrine. Culture medium was added to each well to a final volume of 100 242 μl followed by incubation at 26°C, 130 rpm, for 1−48 h before analysis. To study the effect of 243 inhibitors on the cellular uptake of dextran, cells were pretreated with various inhibitors (1 mM 244 amiloride, 10 μM cytochalasin D, 10 μg/ml chlorpromazine, and 3 μg/ml filipin) at 26°C, or 245 preincubated at 4°C for 2 h, followed by the addition of dextran and peptide (900 μM of dTat-Sar-246 EED4 or 90 μM of dTat-Sar-EED5) as described above. Euglena gracilis cells were maintained in CM medium (pH 3.5) at 26°C, 100 rpm, and 271 subcultured at one-week intervals as described previously (Cramer and Myers, 1952). Cargo 272 internalization into E. gracilis cells was performed in 96-well microplates. Cells were cultured to an 273 OD 730 of 0.23 and 80 μl was added to each well. Cells were then treated with 9 nM to 900 µM of 274 peptide in the presence of 100 μg/ml of TR-Dex70 or Citrine. Culture medium was added to each 275 well to a final volume of 100 μl followed by incubation at 26°C, 100 rpm, for 3−24 h before analysis. 
